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 STATEMENT OF GOVERNMENT INTEREST

-~ The invention described herein may be manufactured and used
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by or for the GoVernment of the United States of America for

| Governmentalvpurpeses without the payment of any rbyalties

thereon or therefor.

CROSS REFERENCE TO OTHER PATENT APPLICATIONS -

Not aﬁplicable.

BACKGROUND OF THE INVENTION

(1) Fleld of the Inventlon

The present 1nvent10n relates generally to acoustic

processing, and more partlcularly to an acoustlc proce531ng'

method that‘can be used to estimate'the size of small objects in

Na fluid medlum

(2) Descrlptlon of the Prlor Art

It is dlfflcult to generate an 1mage of an object us1ng

acoustlc echoes when the object size 1s on the order of the

wavelength of the'aeoustlc,radlatlen used‘to_generate;the

echoes.

At lower frequencies, or smaller sizes, scattering
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becomes less “specular” and more “diffracting” in nature. While

there have been some successful efforts involving the imaging'of

'small:objects in the’near field, the technique cannot be .

extended to the imagingiof.small objects.in the far field. 1If
such far field imaging could be achieved, it could be used in

medical acoustic, sonar, and particle detection on semiconductor

wafer evaluation.applications. In each of these applications,

‘it may also be desirable to kmow the size of'the small object,

e.g., a tumor or other physical abnormality in medical acoustic

appllcatlons, a mine- like object in sonar appllcatlons, and an

1mperfectlon in a semlconductor in wafer. evaluatlon

appllcatlons.

SUMMARY OF THE INVENTION

Accordlngly, it is an object of the present 1nventlon to

v.prov1de a method of acoustic process1ng that can be used to

estimate the size of a small object
Another object of the present invention is to- prov1de a
method of acoustlc proces31ng that can be used to estlmate the

size of an objeCt that is smaller that one to two wavelengths of

‘the acoustictradiation directed towards the object for the

~ purpose of ‘generating reflections or eChoes;therefrom{ :
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Still another object of the present invention is to provide

‘a method that uses only a single orientation of a sensor array

htb estimate the size of a smaillobject.

- Other objects and ad?antages of the preSent invention'will

become more obvious hereinafter in the specification and

drawings.

In aceordance with the.?resent invention, a methodlfor.
estimatihg the size of'ah object begins with monitoring acoustic”'
radiation orlglnatlng from a reglon of a fluid medium u51ng‘a |
11ne array of N acoustlc‘recelvers such that N signals
indicative of the'aceusticwradiation are generated. It is

aSSumed'that the-acoustic radiation has a known wavelength A. M

‘tlme serles summatlons are’ formed u31ng the N 31gna1s.- Each of

~

the M tlme serles summatlons 1s formed u31ng a unlque tlme delay

_predlcated ‘on a correspondlng unique estlmated speed of

propagatlon of the acoustic radlatlon where M estlmated speeds

of propagatlon are def;ned. A temporal Fourier transform is

performed on each of the M time series summations to generate M

values. For an object_in the region having a diameter D<2X, the
'M"ralues will vary as_a'functiOn‘of the M,estimated speeds of
. propagation. The resulting distribution ofxthe.M values are

‘indicative of diameter D.
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BRIEF DESCRIPTION OF THE DRAWINGS

" Other objécts, features and advantages of the present

invention will become.apparent upon reference to the following

description of the preferred embodiments'and”to the drawings,
wherein corresponding reference characters indicate

corresponding parts throughout the several views of the drawings "

and wherein:

‘

- FIG. 1 is a diagrammatic view of ‘an acoustically opaque

- screen having a tWO'dimensionai aperture formed’therethrdugh’r

where théiscreén ié sﬁbjeéted.to a planar écoﬁétic wave on“oné
sidé théreéf to illustrate the propagation of the écéuéticl |
radiation paésing thfough thé'aperture on the othe: side éf‘the
s¢r¢en;: ' | |

“FIG. 2 ié‘é séheﬁatic view of ajlinébérfay §f acqusﬁic:
fe¢éi§érs uéed Eo;éetégtuacoﬁéficArédiétién.origiﬁatiﬁg.frbm

targets locaﬁed in both_the end fire beam of the array and in

N

- beams away from end fire;

FIG. 3 is a flowchart of the method of the present
invention;

~ FIG. 4A is a schematic view of a first embodiment of a

~ system for processing the acoustic radiatidn‘received by the

receivers in FIG. 2 in accordance with the present invention;

~

and’
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FIG. 4B is a schematic of a second embodiment of a system

for processing the acoustic radiation received by the receivers

in FIG. 2-in accordance with the present inVéntiqn.

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)
Before describing the method of the present invention, it

will be beneficial to describe some backgrdund conceptsvon which

the présent'invention is'predicated. Referfing now to the

drawings, and more-particularly to FIG. 1, an infinite,

acoustiéally7opaque screen is referenced by numeral 10. Screen
10 has an aperture 12 formed therethrough. On one side of

screen 10, an acoustic source 14 propagates a planar acoustic

wave 16 ‘towards screen<10. ‘If_the diameter of aperture 12 is

10), dacoustic wave ls-diﬁergéé‘és‘it‘pasées through'éﬁértﬁre 12

to form divérging waves 18-1, 18-2, .. traveling at afrangé“of

velocities. The slowest veloéities are found in the diverging

waves moving approximately parallel to screen 10 (e.g., wave 18-

1) and the,fasteét'velocities are found in the diverging waves
moving approkimétely perpendicular to screen 10 (e.g.,'waveiie?‘
4)..

Thé method of the present invention takeé'ndte of the fact -

‘that an exact solution for (acoustic wave) diffraction of a two-

‘dimensional aperture in an infinite screen is given as

5
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See G.C. Gaunaurd et al., J. Acoust. Soc. Am., Vol. 63, p. 5,
1978. In‘equation (1), p is the acoustic pressure, F(k;,kQ) is
the'two-dimensional spatiai.Fourier transform in the screen that

is in the X-Y piane,.and k is the propagation'wavenumber'in the

'z-direction. ThlS equatlon solves the governlng equatlon

exactly and meets . all boundary condltlons
The above dlffractzon'lntegral can be eValuated using the .
generalized method of exhaustion to more élearly'seevthe

behavior of:eaeh'compcnent using the following

w 2"-1"

n=1 m=1 )

" This method'of exhauStion is disclosed by A.A. Ruffa,-

‘Internatlonal Journal .of Mathematlcs and Mathematlcal 801ences

31(6), 8 August 2002 pP. 345. Note that propagatlng waves will

only occur when the transverse wavenumber (k&-ﬂcz)”? is 1ower

than the cutoff wavenumber,}SO the 1ntegral'can be evaluated to

+k with geod’accuracy' (assuming that F(k;,ky)‘is-an even

function with respect to both ky and ky) as follows:

21 zp iszk -m /4n-q /4p ’

© n_-igyk2Pe ‘
) p(xyzt:)- = ‘—imotz b3 T X (_nm+q2—n pg Bk qk} —imxk2"e qy : _ (3)

‘a=1m=1p=1gqg=1

ewgForren @
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From this expression,»it can be shown that the resulting

field is due to a summation of an infinite number of

‘contributionsv(e.g.; waves 18-1, 18-2 ..), each propagatlng at a

dlfferent phase speed (and hence a dlfferent group speed) based
on 1ts value of kx_and ky.

The acoustic field radiating fromisuch an aperture will
have a continuous range of‘velocities, the amplitude
distribution oftnhich‘will depend on the Fouriervtransform of
the field at the aperture F (kx, ky) - -For;example, if the field |
scattered from acoustic source 14 isvreplaced by plane wave of

infinite extent, F (kg ky) becomes a'Dirac delta function and the

velocity distribution reduces to that of'a single velocity.

If, on the other hand the aperture is very small compared to a

.wavelength then F(k&,ky) w111 be nearly constant up to the

—cutoff wavenumber-and the propagatlon veloc1ty“dlstr1but10n will

be‘much larger.
- In equation (3), the aperture will radiate propagating

as kzz_kz + kf‘(the.cutoff_

T Q

: wavenumber) R For spanw1se wavenumbers kx and ky that do not meet

thlS condltlon, the resultlng fleld w111 not propagate, but
rather will be a decaylng evanescent f1e1d

The phase speed w111 increase from c at the zero spanw1se.

,anenumber,to infinity at'the cutoff_Wavenumber. ‘The group

' speed, however, will decrease from c to zero at the‘cutoff.
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present invention. In general, N acoustic receivers will be

wavenumber. The group speed is independént of range and is

given as

¢, =cI-(kZ + KK Y

Large decreases in group spéed will lead to incréased Doppler
shifts. This can be potentially useful for loW—Doppler targets.

Also,~if'the'velocity distribution of the acoustic field

. (associated with waves 18f1, 18=2, ..) can be measured, it will

. be directly réiated’to F(kx,ky) , .and therefore prqvide

information‘on the effective sizé of apefture 12.

. The present invention~provides a method for estimating the

‘sizeﬁof'aISmall objédtiiﬁiévfluid‘meQiﬁm usiﬁg thé principles

.déscribed above. To explain the-présént méthdd,'referencé will

be made to FIG. 2 where two small objects 20 and 22 are assumed

to reside in a fluid (e.g., water) medium. ' A linear (of;line)

array 30 of écBusticAreceivers afe placediin the fluid medium.
Asfillustrated,‘objédé éo lies invthe end~fife'ré9ion of array
30 and bbject 22viiés in region away froﬁ the'énd fire;éf arrayA_
30.

'_The.numbér_pf'receiyerévﬁsed is'nét a limitétiqn of the

diécussed"hergin} Eéch of‘receivers.32—1~to_32~N is capable”of

4péssive1y detecting acoustic radiation (waves)yzi‘and'23

8



11

12

13

14

15
16

17

18
19
20

21

g
23

24

originating_from'each ¢f objects 20 and 22, respectively.
Typically, acoustic radiationlél‘and‘23 is represeﬁtatiVe of
acoustic reflections caused when an acoustic source 24 transmits

acoustic radiation 25 of a known wavelehgth‘into the region(s) .

. in which objects 20 and 22 reside. Howeverg it is to be

understood that use‘bf acoustic.sourée 24 is not a requirement

or limitation of the present invention.

. The presént ihventiqn will first be described for
estimating the size of object 20 lying in the end fire region of

array'30.‘ ThevN-signals détected by N-channel array 30 are

indicative of acoustic radiation (reflections) 21. The

cdntinuously received signals are sampled at a time based on the

relative location of ‘each acoustic receiver in array 30 and the

],épéed'of»propagation of acoustic radiation (reflectigns) 21.

a time t and each successive receiver is sampled at a time

delayed from t where the time delay is a function the distance d

from acoustic receiver 32-1 and the speed of propagation of

acoustic radiation (reflections) 21.

- Based on thé_concepts for an aperture in an infinite screen

; described'above,-thebspeed of propagation‘of-radiétion
(reflections) 21 will bé a distribution of speeds if the size of -
~object 20 is on the_ordér_of the waﬁelength.qf écoustic'-

.radiation'(reflections)‘21. Mbre speéifically,.if objéct zouhas_

.

For the end fire sithétion,,acoﬁstié'receiﬁér.jzél'is»éémpled at
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a diameter D that7is less than approximately twice the

Wavelengthvof acoustic radiation (reflections) 21, there will be

a,distribution‘of.propagétion'speeds,ﬁhat is indicative of the
size éf objéct 20. Imn ité §implest form, the present invention
assﬁmes or épproxiﬁatésAa circﬁlar shape'fof object 20.

However, it is to be understood thap the invention cén be used
to appfoximate_othei shapes.for‘objeCt 20 at‘the éxpeﬁse of more.
¢omp1i§ated précessing. '

‘ASSuming the size of object 20 is on the order of thé '
wavéiength of acouéfic radiation (refléctions) 21, the bresent
iﬁvention determines the aistributién of the speed of“
propagation.associaféd thérewith. .To do this, M different
‘spéeds.of probaga;ipn are;es;imatgd andAuséd-in‘the4p£oceé$ing
of théjsampléqlsiéhéls fréﬁ;airay 30. ‘ThébM differén#_speedé”[
défine afrangé‘§fTdiétfibﬁtioﬁio£ spééas_that ébouStid fadiétiéh.
krefleétioné) 21 are'expectéd(to ekhibit fér'the size of an
object (é.g., object 20) of interést.

In FIG. 3,vthere is shown a flowchart pfdviding the'method

34 of using this invention. This flowchart is made for the

embodiment in Whidh an acoustic signal (25 in FIG. 2) is

transmitted toward an object (20 or 22 in FIG. 2) -in step 36 and

reflects (21 or 23 in FIG.. 2) from the object. Step 36 can be

~omitted when the object is radiating an acoustic signal at'a

‘knbwn wave1ength. The acoustic signal is received 38 at an

10
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array of sensors 30. The received signal at each sensor is

.prOCéssed.40 in parallel. 1In one embodiment, the step of

pfoCessihg 40 can be merely forming an amplitude sum of the
signals received at each sensor. This is further detailéd in

the discussion of FIG. 4A below. In another embodiment, the

‘step of processing 40 can be forming-an amplitude sum of €he

signaisvand then pefforming avtemporal Fourier.trahsform of the

signals. This is further detailed in the discussion of FIG. 4B

_below."In either case, processing 40 accounts for the

orientation of the array 30 and thé'épacingfdf sensgors 32-1
through 32-N while calculating the amplitude sum. In step 44,

the invention-determines if velocity spreading exists in the

amplitude sums. If velocity spreading does not exist, the
object must be larger than two'wavélengths (21), and>a different‘
‘method must be psed~td”aéterminé size. If ve16¢i£y'épréading'

_ does-ekist, a*databaée,of known object data‘48 can be compared

in step 50 with the amplitudefSums,and the Fourier transforms to

o]

give information about the object. 1In the most basic case, the

known object database.48 contains data from disks having a range

of‘diameters;bélow the twg'anelengths'limit;- In a more

complicated'éase, the know object database-48 contains objects

having a variety of different shapes, siZes‘and_orientationsg'.

: Theﬁe objects dan‘be disks, spheres.or'éylinders; The_ 

ncdmpariSOn'stevaO provides ah‘dutput.of_the diameter of the_

11
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object, . the object's'shape, and/or the object”s orientation.
Output is,provided in step 52 to a user or to another system.
Processing of the N sampied signals s; for i = 1 to N is

carried out as illustrated in FIGs. 4A and 4B where parallel

. processing (egg., by individual processors or one parallel

processor) impreves processing'efficiency;'hoWeveri sequential
processing can be used. Each of M processors 40-1, .., 40-M
forms a sum V(t) of the time sampled signals s; where the first

term in»each'summation is the signal sampled at acoustic

. receiver 32-1 at t1me t and each successive i-th term is delayed '
'by (2w di/cm) where d1 is- the dlstance from the i-th receiver to

receiver 32-1, Cm is an.estimated speed of propagation'for the m}

th processor, and f is the frequencyrof acoustic radiation';.7
(reflections)»él. _Each of the}resulting_M time series
summations Keﬂg.y.voltagegsignais Vh(t))'fbr m = iﬂtd'M~Can‘have

'(as:illustrated'hy the FIG.:4B embodiment) a temporal Fourier

transform applied thereto at 42-1, m,'42-M as a measure of the

Doppler shift Af.  Lower speeds of propa atlcn lead to nereased

‘Doppler:shifts. The Doppler shift measurements are an

1ndependent check on each. propagatlon veloc1ty

" An amplltude dlstrlbutlon as a function of speed of
propagatlon Cu for.m % 1 to M 1nd1cates the presence‘of a “small%
target. . Conversely, little or no veloc1ty spread 1s 1ndlcat1ve

of the fact that no “small" targets are present in the reglon of

12
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' interest; “Assuming there is a velocity distribution, the actual

amplitude (voltage) distribution as a function of cp is used't0~Af

. estimate the size of object 20 as follows. The measured

distribution is compared to a plurality of two-dimensional

spatial Fourier transform distributions determined,for‘a

.correspondlng plurality of known-dimension, circular apertures

ln'lnflnlte acoustlcally—opaque'screens. The aperture size of
the spat1a1 Fourler transform dlstrlbutlon that most closely
matches the measured/determlned amplltude dlstrlbutlon (vs. Cn
approximates_a (circular shape) size of object 20. | |
For object 22 that resides away frem the end fire ef.array

30, process1ng in each beam of array 30 would proceed the same

'as descrlbed above so that the amplltude would agaln be
'estlmated for each of the M estlmated speeds of propagatlon Cn-

waay from end f1re, the effect of a dlstrlbutlon of propagatlon

speeds 1s exhlblted as a “beam spreadlng” effect where slower

acoustlc veloc1t1es lead to signals in adJacent beams. .Beam

spreading also occurs due to multipaths, which would show up in

adjacent beams'closer to broadside. In active sonar (e.g:,
where acoustic source_24 provides acoustic radiation that
generates reflections'21), the main path could be identified as

thefonegarriving'firstgf As is khown.ih'the'art,<thi5‘canfbe

: accomplished;with.repliea;correlator‘proceSSing.,.Muitipaths

“would appearrin<adjaCent‘beams_closer to broadside'while any -

- 13
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velocity distribution would lead to adjaéent.beams further away -
.fromAbroadsidé and involving velocities slower than the spééd of

propagation in the main path. ' The resulting Doppler shifts

- would be increased in adjacent beams due to the slower aCOﬁstic

velocity in the beam. _Sincé this would not occur as a fesﬁlt of -
ﬁultipaths, it providés,a method_to distihguish;befwéen beaﬁ
spreading due to 'a velocity distfibﬁtion with_that due.to
muitipaths, |

The advantages of the present ihvention'are numerous.

Small undérwater targets can have their size estimated. Such

size estimation is an important clue used in target

classification.
LIt will be understood that many additional dhanges in the

détails,,matérials; steps and arrangemént’ofﬂparts,'which have

.been}heréin deséribed and illustrated in order to explain the
nature of the invention, may.be'madé'by those skilled in the art
~within the principle and scdpe of the invention as expressed in

'~ the appénded claims.

14
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Attorney Docket No. 82781

ACOUSTIC PROCESSING FOR ESTIMATING SIZE OF SMALL TARGETS

ABSTRACT OF THE;DISCLOSURE

A method is-provided for gstimating the size of an object
from a regioﬁ.of-évfluid medium‘when thét'object is‘emitting
acouééic radiation‘offknoﬁn wévglength A on its own or as the
result of being iﬁterrogéted'by acouétip pulses that reflect
from the object. 'The.acoustic radiation is monitored using a
line arraY"of N acoustic rédeivefé such that N signals
indicative-of the acoustic radiatiohvare‘generafed. M time
ééries éummations'afe»forméd uSiﬁg.the'N signals;‘.Each of the M
time‘ééries $umﬁations'isAformed using a unique timé delay

predicated on a- corresponding unique estimated speed of h

" propagation of the acoustic radiation where M’estiméted‘speeds
of propagation are defined. For an object in the region having
~a diameter D on the order of A, the M values will vary as a

function of the M estimated speeds of propagation with the

resulting distribution of the M values being indicative of

diameter-D.

23
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